Introduction
============

Breast cancer is one of the most common malignancies accounting for nearly 1 in 3 cancers diagnosed among women in the United States, and it is the second leading cause of cancer death among women [@B1].

It is well established that prolonged exposure to estrogens especially estradiol, is an important risk factor for genesis and promotion of breast cancer [@B2], [@B3]. The most acknowledged mechanism of estrogen carcinogenicity is its binding to its specific estrogen receptor alpha (ER-alpha) for exerting a potent mitogenic effect on cell proliferation [@B4]. However, there is conceivable evidence that estrogen induced breast cancer can also occur by a non ER-alpha mediated mechanism involving the estrogen metabolic pathway [@B5].

Metabolism of estrogens is characterized by two major pathways: one is hydroxylation at the 16-position and the second is hydroxylation to form the 2- and 4-catechol estrogens. In the catechol pathway (Fig. [S1](#FS1){ref-type="fig"}), the metabolism involves further oxidation of 17- β estradiol (E2) to semiquinones and quinones which react with DNA to form depurinating adducts. The apurinic sites obtained by this reaction generate mutations that may lead to the initiation of cancer. Oxidation of catechol estrogens to their quinones normally occurs in homeostasis which minimizes their reaction with DNA. When the homeostasis is disrupted, excessive amounts of catechol estrogen quinones are formed and the resulting increase in depurinating DNA adducts can lead to initiation of cancer [@B6]-[@B9]. Moreover, 4-hydroxylated estrogens may exert proinflammatory roles by inducing reactive oxygen species (ROS) and DNA damage which is possibly decisive in chronic inflammation [@B10].

It has become increasingly clear that inflammation plays a major role in breast cancer pathogenesis. An inflammatory tumor microenvironment consists of infiltrating immune cells and activated fibroblasts, both of which can secrete cytokines, chemokines, and growth factors, as well as DNA-damaging agents [@B11]. Some studies show evidence that chronic inflammation is linked to breast cancer recurrence and that elevated biomarkers of inflammation are associated with reduced survival among breast cancer patients [@B12], [@B13]. In addition, experimental studies clearly indicate that inflammatory mediators promote tumor development in cancer prone animal strains [@B14]. Moreover, inhibition of TNF-α and NF-kappaB (NF-κB) transcription factor is proved to be protective with respect to chemical induced mammary gland carcinogenesis [@B15]. Further, the in vitro activation of the TNF-α/NF-κB axis has induced an invasive and malignant behaviour in breast cancer cells [@B16].

TNF-α is a major inflammatory cytokine shown to be highly expressed in breast carcinomas [@B17]. Indeed, investigations strongly suggest that the chronic expression of TNF-α in breast tumors actually supports tumor growth. The number of cells expressing TNF-α in inflammatory breast carcinoma was found to be correlated with increasing tumor grade and node involvement, and TNF-α expression was suggested to play a role in the metastatic behavior of breast carcinomas [@B18]. Furthermore, patients with more progressed tumor phenotypes were shown to have significantly higher TNF-α serum concentration [@B19]. The tumor-promoting functions of TNF-α may be mediated by its ability to induce proangiogenic functions, to promote the expression of matrix metalloproteinases (MMP) and endothelial adhesion molecules, and to cause DNA damage via reactive oxygen, the overall effect of which is promotion of tumor related processes [@B20].

In the current study we explored a new mechanism by which inflammation may influence breast carcinogenesis through the estrogen metabolic pathway. We thus investigated the effect of the TNF-α, a hallmark of inflammation, on the estrogen metabolic pathway in MCF-7 estrogen dependent breast cancer cells. Our choice of MCF-7 as our study model was built on several bases: First, studies have shown that regular use of nonsteroidal antiinflammatory drugs (NSAIDS), such as aspirin, significantly reduce the risk of ER-positive but not ER-negative breast cancers [@B21]. Second, it was recently suggested that inflammation may promote more aggressive ER-positive tumors and that this may be one of the mechanisms by which a portion of ER-positive breast tumors fail to respond to endocrine therapy [@B22]. In general, we sense that further research is required to fully elucidate the mechanisms of action of TNF-α on breast carcinogenesis because TNF-α activity may vary under different physiological conditions and in a cell-type-dependent manner which contributes to a sense of ambiguity regarding its tumor effects. Most of the reports examining the effects of TNF-α on MCF-7 breast cancer cells demonstrated its ability to induce apoptosis, inhibit proliferation and promote migration, invasion as well as resistance to chemotherapeutic drugs. These effects may however vary with other estrogen dependent (T47D) or independent (MDA-MB-231) cell lines [@B23].

What encouraged us more to explore this area of research is that not many studies have examined the role of inflammation on the estrogen metabolic pathways in general inspite of this pathway being an important cause of carcinogenesis. In some of these studies, TNF-α has been found to have an important role in regulating estrogen synthesis in peripheral tissues, including normal and malignant breast tissues [@B24]-[@B27]. Other studies have pointed that the effect of TNF-α on estrogen metabolism and homeostasis is mediated by its effect on the coordinated expression of the enzymes that are involved in estrogen biosynthesis and metabolism. For example, it has been suggested that TNF-α increases the local estrogen biosynthesis in human endometrial glandular epithelial cells and directs estrogen metabolic enzymes to produce more hormonally active and carcinogenic metabolites [@B28].

Collectively, the above mentioned information stimulated our interest to have a closer look on the estrogen metabolic pathway in MCF-7 breast cancer cells as a whole and examine the role played by TNF-α in this pathway aiming to enrich our knowledge about how inflammation may influence breast carcinogenesis. Understanding the mechanisms by which inflammatory mediators promote breast cancer may shed the light on these cytokines being explored as potential therapeutic targets and hopefully will lead to novel therapeutic regimens to treat this devastating disease.

Materials and Methods
=====================

Cells and Cell Culture
----------------------

The human breast cancer cell line MCF-7 was purchased from (Rockville culture collection, Md, USA). The cells were maintained at 37ºC in a 95% humidified, 5% CO~2~ atmosphere in RPMI-1640 supplemented with 10% heat inactivated fetal bovine serum, 1% L-glutamine, 1% sodium pyruvate, and 1% penicillin and streptomycin (Gibco BRL, Life Technologies, Long Island, NY, USA). To study the effect of TNF-α on the profile of estrogen metabolism and DNA adduct analysis, the cells were grown in serum free, phenol red-free media for 24 hours. The cells were then treated with 10 nM of E2 with or without 5ng/ml TNF-α for 48 hours. The media were collected for estrogen metabolite measurements and DNA adducts analysis.

Determination of estrogen/estrogen metabolites (EM) by capillary LC/MS
----------------------------------------------------------------------

The levels of estrogen and estrogen metabolites (EM) were determined by testing the conditioned media from cells treated with E2 alone or with different doses of TNF-α according to the method described by Xu et al [@B29]. Briefly, 5 µL of the stable isotope labelled estrogen and estrogen metabolite (SI-EM) working internal standard solution (40 pg SI-EM) was added to 400 μl cell medium aliquot followed by 500 μl 0.15 M sodium acetate buffer (pH 4.6) containing 0.25% (w/v) L-ascorbic acid. Dichloromethane (6 ml) was added to the sample, which then underwent inverse extraction at 8 rpm (RKVSD™, ATR, Inc., Laurel, MD, USA) for 30 minutes. After extraction, the aqueous layer was discarded and the organic solvent portion was transferred into a clean glass tube and evaporated to dryness under a stream of nitrogen gas at 60ºC (Reacti-Vap III™, Pierce, Rockford, IL, USA). The dried sample residue was then redissolved in 40 µl of 0.1 M sodium bicarbonate buffer (pH 9.0) and 40 µl of dansyl chloride solution (1 mg/ml in acetone). After sonication, the sample was heated at 60ºC (Reacti-Therm III™ Heating Module, Pierce, Rockford, IL, USA) for 5 minutes to form the EM and SI-EM dansyl derivatives (EM-Dansyl and SI-EM-Dansyl), respectively. After derivatization, all samples were analyzed using capillary LC/MS using an Agilent 1200 series nanoflow LC system (Agilent Technologies, Palo Alto, CA, USA) coupled to a TSQ™ Quantum Ultra triple quadrupole mass spectrometer (Thermo Electron, San Jose, CA, USA). Quantitation of cell medium estrogen metabolites was carried out using Xcalibur™ Quan Browser (Thermo Electron). Absolute concentrations of individual EM were normalized against protein concentrations.

HPLC analysis of estrogen-induced depurinating DNA adduct
---------------------------------------------------------

### Sample preparation

MCF-7 cells were treated as described above. The growth media was used to measure the level of depurinating estrogen−DNA adducts according to the method described by Zahid et al [@B30]. Briefly, cell culture media was extracted by using Varian C8 Certify II solid phase extraction cartridges (Varian, Harbor City, CA, USA) which were preequilibrated by sequentially passing 1 ml methanol, distilled water, and potassium phosphate buffer (100 mM, pH 8.0) through them. Culture media was adjusted with 1 ml of 1 M potassium phosphate to pH 8 and passed through the cartridge. After washing with 2 ml of 100 mM potassium phosphate, and 5 ml of distilled water, the analytes were eluted with 1 ml of elution buffer consisting of methanol/acetonitrile/water/TFA (8:1:1:0.1). The eluant was evaporated to about 100 ul by using Jouan RC10 Vacuum Concentrator and reconstituted with 100 ul of methanol/water (1:1). The solution was then passed through 5000 MW cut off filters and analyzed on HPLC connected with multiple electrochemical detectors.

### HPLC analysis of adducts

Analysis of all samples was conducted on an HPLC system equipped with dual ESA Model 580 autosampler, and a 12-channel CoulArray electrochemical detector (ESA, Chelmsford, MA, USA). The two mobile phases used were as follows: A: acetonitrile/methanol/buffer/water (15:5:10:70) and B: acetonitrile/methanol/buffer/water (50:20:10:20). The buffer was a mixture of 0.25 M citric acid and 0.5 M ammonium acetate in triple-distilled water, and the pH was adjusted to 3.6 with acetic acid. The 95ul injections were carried out on a Phenomenex Luna-2 C-18 column (250 x 4.6 mm ID, 5 mm; Phenomenex, Torrance, CA, USA), initially eluted isocartically at 90%A/10%B for 15 minutes, followed by a linear gradient to 90%B/10%A in the next 40 min, and held there for 5 minutes (total 50 minutes gradient) at a flow rate of 1 ml/minute and a temperature of 30 ^o^C. The serial array of 12 coulometric electrodes was set at potentials of -35, 10, 70, 140, 210, 280, 350, 420, 490, 550, 620, and 690 mV. The system was controlled and the data were acquired and processed using the CoulArray software package (ESA). Peaks were identified by both retention time and peak height ratios between the dominant peaks and the peaks in the two adjacent channels. The metabolites, conjugates and depurinating adducts were quantified by comparison of peak response ratios with known amounts of standards. The level of adducts were normalized against cell numbers and the DNA contents.

Reporter assay
--------------

### Stable transfection of MCF-7 with the reporter plasmids

Luciferase reporter plasmids containing the CYP1A1, CYP1B1, COMTP1 (proximal COMT-promoters) and COMTP2 (distal COMT-promoters) and NQO1 promoters were used in this study. These plasmids were stably transfected into MCF-7 according to the following: MCF-7 cells were cotransfected with individual reporter plasmid (10ug) and Neomycin-expressing vector (1ug) using Fugene 6 (Roche, Indianapolis, IN, USA) following the manufacturer\'s protocol. Forty-eight hours post-transfection, the media was replaced with Genecitin-containing media (500 μg/ml media). Individual colonies were picked and propagated following 2 weeks of selection and were screened for luciferase activity. Colonies which showed positive luciferase activity indicated that they were successfully stably transfected and thus were selected and maintained in liquid nitrogen for further experiments.

### Luciferase assay

Stably transfected cells containing the reporter gene vectors with the promoters of interest were grown in RPMI media, distributed in 6 well plates and treated with different concentrations of TNF-α. After 48 hours, the cells were harvested and luciferase activities were determined using luciferase enzyme assay systems according to the supplier\'s protocol (Promega, Madison, WI, USA). The luciferase activity was normalized against protein concentration using Bradford protein assay procedure.

Real time RT-PCR
----------------

MCF-7 cells were cultured, distributed in 6 well plates and treated with different concentrations of TNF-α. After 48 hours, Total RNA was isolated using RNA STAT-60 kit (Ambsio, lakeforest CA, USA) or RNA aqueous-Micro (Ambion, Foster City, CA, USA) according to the manufacturer\'s instructions. cDNA synthesis was conducted using High-Capacity cDNA Reverse Transcription kit following manufacturer\'s protocol. PCR amplification was performed using Tagman Fast Universal PCR Master Mix. Quantitative real-time RT-PCR was carried out using Pre-developed Tagman Assay reagents Control Kits. Kits used were obtained from (Applied Biosystem, Foster city, CA, USA). Each assay was performed in duplicate.

Western blot analysis
---------------------

MCF-7 cells were cultured, distributed in 6 well plates and treated with different concentrations of TNF-α. After 72 hours, the cells were washed with phosphate buffered saline (PBS) and whole cell lysates were prepared with Radioimmunopreciptation assay (RIPA) lysis buffer. The cell lysates were solubilized in sample buffer \[60 mM Tris-HCl pH 6.8, 2% sodium dodecyl sulfate (SDS), 10% glycerol, 0.7 mol/l β-mercaptoethanol; 0.01% bromophenol blue\] and subjected to SDS polyacrylamide gel electrophoresis (PAGE). Proteins were electroblotted onto nitrocellulose membranes. Membranes were immunoblotted with the primary antibodies against CYP1B1 and COMT (Chemicon International Inc., Temecula, CA, USA), NQO1 (Novus Biologicals, Inc, Littleton, CO, USA) and β-actin (Sigma-Aldrich Co., St. Louis, MO, USA). After washing, membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (Vector Laboratories, Burlingame, CA, USA) and X-ray films where then developed.

Statistical Analysis
--------------------

Data are presented as Mean±Standard error of the mean (SEM) of at least two or three individual experiments as indicated under the results section. Statistical significance was determined by one-way analysis of variance (ANOVA) followed by Tukey test as a post-ANOVA multiple comparison test. Unpaired t-test was used for comparison between two groups. *P*\<0.05 was considered statistically significant.

Results
=======

TNF-α alters the profile of E2 and/or EM in MCF-7 cells (Table [1](#T1){ref-type="table"})
------------------------------------------------------------------------------------------

To evaluate the effects of TNF-α on estrogen metabolism, the EM levels were measured in conditioned media from MCF-7 cells treated with E2 (10 nM) alone or in combination with TNF-α (5 ng/ml) using LC/MS. It was found that TNF-α significantly increased the total EM compared with cells treated with E2 alone. The mean rate of formation of total EM for control was 19321.13±1252 pmole /mg protein/48 hours, while in TNF-α treated cells the mean rate was 26600.56±1196.6 pmole/mg protein /48 hours. To further assess the effects of TNF-α on estrogen metabolism, we derived the ratios for E1/E2, which is a commonly used predictor for cancer risk [@B31]. TNF-α shifted the E1/E2 equilibrium towards the formation of more E2 (Fig. [1](#F1){ref-type="fig"}). Thus, in MCF-7 cells treated with E2 plus TNF-α, the E1/E2 ratio was 0.232±0.01423 which is significantly lower compared with cells treated with E2 alone where the ratio was 0.395±0.0092. TNF-α also increased the rate of formation of 2-OHE2 accompanied by a decline in the rate of 2-MeOE2 by 75%. Concerning the other methylated catechols, there was non significant increase in the levels of 2-MeoE1 and 4-MeOE2 and non significant decrease in 4-MeOE1. There was however a significant increase in 3-MeOE1 by 2.5 folds. The 4-OHE1 levels were not detected in conditioned media treated with E2 alone, but increased to 63.3±10.623 upon adding TNF-α. On the contrary E3 levels and 16-epiestrol levels were detected upon treatment of the cells with E2 but not in TNF-α treated cells. There was also a non significant increase in the rate of formation of 17-epiestriol compared to control.

TNF-α increases the levels of DNA adducts in MCF-7 cells
--------------------------------------------------------

To investigate the implications of the possible effects of TNF-α on E2 metabolism and the formation of depurinating DNA adducts, the levels of DNA adducts (4-OHE1 [@B2]-1-N3 Adenine and 4-OHE1 [@B2]-1-N7 Guanine) were explored in culture media from MCF-7 cells treated with either E2 alone or in combination with TNF-α by HPLC. Our results demonstrated that TNF-α significantly increased Adenine adduct levels while there was no significant increase of the Guanine adducts. Thus, in MCF-7 cells treated with E2 alone or E2 plus TNF-α, the levels of N3 Adenine adducts were 0.0025±0.0005, 0.3604±0.078 (pmole/10^6^cells) respectively. Also the levels of N7 Guanine adducts were 0.00293±0.00054 and 0.4319±0.2022 in cells treated with E2 alone or E2 plus TNF-α respectively (Fig [2](#F2){ref-type="fig"}).

Effect of TNF-α on estrogen-metabolizing genes and expression in MCF-7 cells
----------------------------------------------------------------------------

To elucidate the underlying mechanisms of the differential pattern of estrogen metabolites and the rate of estrogen-induced adducts formation between TNF-α treated and non treated cells, we assessed the effect of TNF-α on the expression of key genes and enzymes involved in estrogen metabolism. Thus, we treated MCF-7 cells with TNF-α and measured its effect on enzyme promoter activity using Reporter gene assays, enzyme mRNA levels using real time RT-PCR and enzyme protein levels using Western blot analysis.

### a- TNF-α downregulates CYP1A1 promoter and upregulates CYP1A1 mRNA

In our study we demonstrated that treatment of MCF-7 cells with TNF-α (1, 5 and 10 ng/ml) significantly reduced CYP1A1 to 69.39 ±1.215, 58±1.74 and 51.38±2.091 RLU respectively as indicated by Reporter assay (Fig [3](#F3){ref-type="fig"}a). However CYP1A1 mRNA was significantly upregulated to 1.938 ±0.23 and 3.1745±0.529 upon treatment with TNF-α 5 ng/ml and 10 ng/ ml respectively as indicated by real time RT-PCR (Fig [3](#F3){ref-type="fig"}b). This discrepancy between CYP1A1 luciferase activity and mRNA levels will be addressed in the discussion section. It\'s noteworthy that Western blotting for detecting CYP1A1 enzyme was attempted in this study but unfortunately, commercially available CYP1A1 antibodies didn\'t give satisfactory results.

### b- TNF-α upregulates CYP1B1

Our study proved that treatment of MCF-7 cells with TNF-α (1, 5 and 10 ng/ml) significantly increased CYP1B1 levels in a dose dependent pattern as indicated by Reporter assay by 35.7 %, 75%, 134 % respectively (Fig [4](#F4){ref-type="fig"}a) while TNF-α (10 ng/ml) significantly increased CYP1B1 mRNA by 116% as determined by real time RT-PCR (Fig [4](#F4){ref-type="fig"}b). Western blot data also revealed that CYP1B1 protein expression was upregulated (Fig [4](#F4){ref-type="fig"}c).

### c- TNF-α downregulates COMT

Our Reporter gene assay showed that TNF-α (1, 5 and 10 ng/ml) significantly reduced COMTP1 expression by 36.75%, 23.72% and 31.85% respectively (Fig 5ai). Similarly COMTP2 was significantly reduced by 34%, 30.4% or 33.6% respectively (Fig 5aii). Real time RT-PCR data revealed that COMT mRNA was reduced by 41.7% in cells treated with TNF-α 10 ng/ml compared with untreated control (Fig [5](#F5){ref-type="fig"}b). Consistent with the above two assays Western blotting confirmed that TNF-α downregulated COMT expression in its two forms: soluble (S-COMT) and membrane bound (MB-COMT) compared with control (Fig [5](#F5){ref-type="fig"}c).

### d- TNF-α downregulates NQO1

Our data reflected that the effect of TNF-α on NQO1 occurred on the transcriptional and translational levels as indicated by Reporter, real time RT-PCR and Western blotting. In Reporter assay, treatment with TNF-α 1 ng/ml and 10 ng/ml resulted in significant downregulation of NQO1 promoter activity to 60.3±2.609 and 21.45±0.9192 RLU respectively (Fig [6](#F6){ref-type="fig"}a). In real time RT-PCR assay NQO1 mRNA levels were reduced by 30.5% using TNF-α 10 ng/ml (Fig [6](#F6){ref-type="fig"}b). Also, TNF-α decreased NQO1 protein levels as indicated by Western blotting (Fig [6](#F6){ref-type="fig"}c).

Discussion
==========

Chronic inflammation represents a major risk factor for many cancer types, including liver, breast, prostate, pancreas, ovary, skin, gastric, colorectal and pulmonary carcinomas [@B32].

TNF-α was identified as a keyplayer in the cytokine network and a major mediator of cancer related inflammation. It exerts its action via activation of NF-κB which is the pivotal regulator of cellular inflammatory responses [@B33]-[@B36].

Numerous studies have linked TNF-α to breast cancer progression. As a result, the mechanisms by which TNF-α promotes breast cancer have been recently explored using both in vitro and in vivo models [@B37]. In this study we are trying to focus on the influence of TNF-α on the estrogen metabolic pathway in MCF-7 cells. This may help us better understand the mechanisms by which inflammation affects breast cancer.

One of the interesting findings in our study is that the total EM was significantly higher in MCF-7 treated cells compared to control. One reason for this may be due to that TNF-α increased the local estrogen biosynthesis in MCF-7 cells through stimulating aromatase expression as suggested by previous reports [@B38], [@B39]. However, based on our results we are adding a new mechanism where by TNF-α may be directly interfering with the estrogen metabolic pathway. Besides increasing total EM, we also found that TNF-α significantly decreased the E1/E2 ratio due to a decrease in the level of estrogen as E1 with a concomitant increase in E2 concentration. The interconversion of weakly active estrone (E1) into highly potent estradiol (E2) and their relative abundance dictate the estrogenic environment and may be contributing to the development of breast cancer. This alteration in E1/E2 ratio could be explained in light of the experimental evidence that TNF-α modulates the expression of hydroxysteroid (17β) -dehydrogenase 1 (HSD17β1) in breast cancer, an enzyme that efficiently catalyzes the conversion of E1 into E2 [@B31]. Also, 4-OHE1, which in our study was detected only in TNF-α treated cells, was previously shown to be tumorigenic in animal models [@B40]. It\'s noteworthy that 4-hydroxy catechols have greater carcinogenic potential than 2-hydroxy catechols due to different mechanisms of adduction leading to higher DNA adducts [@B9].

To understand why TNF-α altered the rate and pattern of estrogen metabolites, we further explored the effect of TNF-α on the expression of key genes involved in estrogen metabolism. Our data revealed that TNF-α increases the expression levels of CYP1A1 and CYP1B1. This was associated with a concomitant effect on the expression of detoxification enzymes COMT and NQO1 where TNF-α reduced the expression levels of these two enzymes. In agreement with our results several studies reported similar effects on these enzymes [@B28], [@B41], [@B42]. Surprisingly, TNF-α was found to upregulate mRNA of CYP1A1 and to downregulate it\'s promoter activity as indicated by luciferase assay. This effect may be similar to that explained by Morel et al [@B43] where increasing the CYP1A1 activity in hepatoma cells elicited an oxidative stress and led to the repression of a reporter gene driven by the CYP1A1 gene promoter in a negative feedback loop. Our results also indicated that TNF-α induced the rate of formation of the catechol estrogen 2-hydroxy estradiol (2-OHE2). This catechol estrogen was found to redox cycle and to generate hydrogen peroxide (H~2~O~2~) and hydroxyl radicals in MCF-7. Depending on the localized concentrations of catechol estrogens and enzymes that mediate redox cycling, this may be an important mechanism contributing to the development of breast cancer [@B44]. Given that our results also indicated a significant downregulation of the detoxifying enzyme COMT accompanied by a reduction in the anticarcinogenic, antiangiogenic metabolite 2-MeOE2 [@B45], this may create a deleterious influence on estrogen carcinogenesis. Interestingly, we also found that E3 was detected in cells treated with E2 alone while it was not detected in cells treated with TNF-α. The effect of this hormone on breast cancer has been controversial. Some studies indicate that there\'s increased risk of development of breast cancer with E3 therapy [@B46]. Other studies however, support the hypothesis that E3 exert protective roles by antagonizing the carcinogenic effects of E2 [@B47]. Recent studies indicate that E3 acts as a G-protein-coupled receptor 30 (GPR30) antagonist in estrogen receptor-negative breast cancer cells. GPR30 has been recently involved in rapid signalling triggered by estrogens [@B48].

Studies on estrogen metabolism, formation of DNA adducts, carcinogenicity, cell transformation, and mutagenicity have led to the hypothesis that reaction of certain estrogen metabolites, predominantly catechol estrogen-3,4-quinones, with DNA forms depurinating adducts \[4-OHE1(E2)-1-N3Adenine and 4-OHE1(E2)-1-N7Guanine\]. Formation of these adducts and the concomitant apurinic sites in DNA have been shown to induce mutations that are associated with initiation of breast cancer [@B49], [@B50]. Indeed, our study demonstrated that treatment with TNF-α is associated with a significant increase in estrogen-induced depurinating adducts especially the Adenine adducts. It is likely that this resulted from the increased level of some catechol estrogens accompanied by downregulation of the detoxification enzymes COMT and NQO1 as demonstrated in this report.

Taken altogether, it\'s clear from this study that TNF-α alters the balanced homeostatic set of activating and deactivating pathways of estrogen metabolism in MCF-7 breast cancer cells. It influences key genes and enzymes involved in estrogen metabolism leading to increased DNA adduct products. This may implicate a new potential mechanism for inflammation associated breast cancer and provide a plausible explanation for the effect of TNF-α on the advancement of breast cancer. Also it can be suggested that compounds which are known to have positive regulatory effects on estrogen metabolic pathways, e.g. indole-3-carbinol, can be useful in inflammation associated breast cancer [@B51].

For future research we would like to see whether the effect of TNF-α on estrogen metabolic pathways plays a role in ER-positive breast cancer patients who are resistant to endocrine therapy. Also whether it\'s involved in higher resistance to endocrine therapy among obese breast cancer patients who are also resistant to endocrine therapy. No doubts that further evaluation of human breast cancer samples and experimental models as well as development of novel in vivo models designed to specifically study inflammation in mammary tumorigenesis will help to elucidate many of these questions.
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![Part of the metabolic pathway of estradiol and the role of various enzymes involved: Estradiol is metabolized into 2-hydroxyestradiol (2-OHE2) and 4-hdroxyestradiol (4-OHE2) by CYP1A1 and CYP1B1 respectively. These catechols undergo further oxidation into semiquinones and quinones that react with DNA to form depurinating adducts leading to mutations associated with breast cancer. NQO1 reduces these quinones back to catechols which are detoxified into methoxy derivatives by the action of COMT. This protects the cells against DNA adducts formation and lowers the potential for mutagenic damage.](jcav03p0310g01){#FS1}

![Effect of TNF-α on the ratio of E1/E2 in MCF-7 cells. Cells were grown in serum-free media and treated with E2 (10 nM) alone or with TNF-α (5 ng/ml) for 48 hours. Media were collected to quantify the mean rate of EM formation in (pmole/mg protein/48 hours) by LC/MS. Data were normalized against protein concentration. E1/E2 ratio was calculated. Values represent the Mean±SEM of three experiments. \* indicates significant difference of TNF-α treated cells compared to control at P \< 0.05.](jcav03p0310g02){#F1}

![Effect of TNF-α on depurinating DNA adducts formation**.** Cells were grown in serum-free media and treated with E2 (10 nM) alone or with TNF-α (5 ng/ml) for 48 hours. The media were collected for DNA adducts analysis by HPLC. Values represent the Mean±SEM of three experiments. \* indicates significant difference of TNF-α treated cells compared to control at P \< 0.05.](jcav03p0310g03){#F2}

![Effect of TNF-α on CYP1A1 in MCF-7 cells. (**a**) Luciferase reporter gene assay. The cells were stably transfected with reporter plasmids containing CYP1A1 promoters. After treatment with different doses of TNF-α, luciferase production was measured 48 hours later. Results represent the Mean±SEM of two experiments. (**b**) Real time RT-PCR analysis.The cells were treated with TNF-α 5 ng/ml and 10 ng/ml for 24 hours followed by total RNA isolation from the cells and the CYP1A1 mRNA expression was determined by real time RT-PCR. The threshold cycle value of CYP1A1 was normalized based on that of GAPDH. Results represent the Mean±SEM of two experiments. \* indicates significant difference of TNF-α treated cells compared to control at P \< 0.05.](jcav03p0310g04){#F3}

![Effect of TNF-α on CYP1B1 in MCF-7 cells: (**a**) Luciferase reporter gene assay. The cells were stably transfected with reporter plasmids containing CYP1B1 promoters. After treatment with different doses of TNF-α, luciferase production was analyzed 48 hours later. Results represent the Mean±SEM of two experiments. (**b**) Real time RT-PCR analysis. The cells were treated with TNF-α 10 ng/ml for 24 hours followed by total RNA isolation from the cells, and the CYP1B1 mRNA expression was determined by real time RT-PCR. The threshold cycle value of CYP1B1 was normalized based on that of GAPDH. Results represent the Mean±SEM of two experiments. (**c**) Western blot analysis. CYP1B1 protein levels were determined 72 hours after treatment with different doses of TNF-α. \* indicates significant difference of TNF-α treated cells compared to control at P \< 0.05.](jcav03p0310g05){#F4}

![Effect of TNF-α on COMT in MCF-7 cells: (**a**) Luciferase reporter gene assay. The cells were stably transfected with reporter plasmids containing COMTP1 (**i**) and COMTP2 promoters (**ii)**. After treatment with different doses of TNF-α, luciferase production was analyzed 48 hours later. Results represent the Mean±SEM of two experiments. (**b**) Real time RT-PCR analysis. The cells were treated with TNF-α 10 ng/ml for 24 hours followed by total RNA isolation from the cells and COMT mRNA expression was determined by real time RT-PCR. The threshold cycle value of COMT was normalized based on that of GAPDH. Results represent the Mean±SEM of two experiments. (**c**) Western blot analysis. Both S-COMT and MB-COMT protein levels were determined 72 hours after treatment with different doses of TNF-α. \* indicates significant difference of TNF-α treated cells compared to control at P \< 0.05.](jcav03p0310g06){#F5}

![Effect of TNF-α on NQO1 in MCF-7 cells: (**a**) Luciferase reporter gene assay. The cells were stably transfected with reporter plasmids containing NQO1 promoters. After treatment with different doses of TNF-α, luciferase production was measured 48 hours later. Results represent the Mean±SEM of duplicate experiments. (**b**) Real time RT-PCR analysis. The cells were treated with TNF-α 10 ng/ml for 24 hours followed by total RNA isolation from the cells, and the NQO1 mRNA expression was determined by real time RT-PCR. The threshold cycle value of NQO1 was normalized based on that of GAPDH. Results represent the Mean±SEM of two experiments. (**c**) Western blot analysis. NQO1 protein levels were determined 72 hours after treatment with different doses of TNF-α. \* indicates significant difference of TNF-α treated cells compared to control at P \< 0.05.](jcav03p0310g07){#F6}

###### 

The rate and profile of EM in culture media from MCF-7 cells. Cells were grown in serum-free media and treated with E2 (10 nM) alone or with TNF-α (5 ng/ml) for 48 hours. Media were collected to quantify the mean rate of EM formation in (pmole/mg protein/48 hours) by LC/MS. Data were normalized against protein concentration. Values represent the Mean±SEM of three experiments. \*indicates significant difference of TNF-α treated cells compared to control at P \< 0.05.

  ------------------------------------------------------------------------------------------------------------------------------------
  Estrogen and Estrogen metabolites                  Measurement (pmole/mg protein/48hours) (% from total EM)   
  -------------------------------------------------- ---------------------------------------------------------- ----------------------
  **Parent estrogen**                                                                                           

  Estrone (E1)                                       4889.02±162.19\                                            3939.29±207.68^\*^\
                                                     (25.3±0.83)                                                (14.8±0.78)

  Estradiol (E2)                                     12385.67±511.8\                                            17133.73±325.83^\*^\
                                                     (64.1±2.65)                                                (64.4±1.22)

  **2-Hydroxylation pathway catechols**                                                                         

  2-Hydroxy estradiol (2-OHE2)                       0                                                          1394.1±358.2\
                                                                                                                (5.24±1.35)

  **2-Hydroxylation pathway methylated catechols**                                                              

  2-Methoxyestrone (2-MeOE1)                         31.25±2.8\                                                 47.2±5.8\
                                                     (0.16±0.01)                                                (0.18±0.02)

  2-Methoxyestradiol (2-MeOE2)                       25.5±4.28\                                                 6.34±0.85\*\
                                                     (0.13±0.02                                                 (0.02 ±0.0027)

  2-Hydroxyestrone-3 methyl ether (3-MeOE1)          20.122±0.964\                                              49.88±4.24^\*^\
                                                     (0.11±0.005)                                               (0.19±0.016)

  **4-Hydroxylation pathway catechols**                                                                         

  4-Hydroxy estrone (4-OHE1)                         0                                                          63.3±10.623\
                                                                                                                (0.24±0.04)

  **4-Hydroxylation pathway methylated catechols**                                                              

  4-Methoxy estrone (4-MeOE1)                        13.987±3.96\                                               4.49±0.162\
                                                     (0.07±0.02)                                                (0.02±0.0007)

  4-Methoxy estradiol (4-MeOE2)                      49.17±2.73\                                                79.11±60.4\
                                                     (0.254±0.014)                                              (0.3±0.23)

  **16α-Hydroxylation pathway**                                                                                 

  Estriol (E3)                                       632.35±545.9\                                              0
                                                     (3.27±2.82)                                                

  17-Epiestriol (17-epi E3)                          1777.481±574.4\                                            3669±1130.8\
                                                     (9.2±2.97)                                                 (13.8±4.25)

  16-Epiestriol (16-epi E3)                          449.29±418.12\                                             0
                                                     (2.3±2.17)                                                 

  **Total EM**                                       19321.13±1252                                              26600.56±1196.6^\*^
  ------------------------------------------------------------------------------------------------------------------------------------
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